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Learning Objectives

« Understand methods of estimating evapotranspiration (ET) using remote
sensing

— Identify NASA satellites and sensors used for ET estimation
— Access ET data
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Presentation Outline

» Importance and Challenges of ET Estimation

« Methods of Estimating ET Based on Remote Sensing
« Overview of ET Data Products

« Applications of ET data

 METRIC: Mapping Evapotranspiration at high-Resolution with Internalized
Calibration

NASA's Applied Remote Sensing Training Program



Importance and Challenges of ET Estimation




What is Evapotranspiration (ET)?

* The sum of evaporation from the
land surface, plus franspiration from
plants

 ET fransfers water from the surface
to the atmosphere in vapor form

* Energy is required for ET to take
place (for changing liquid water
INto vapor)
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Importance of ET

 Critical component of the water and energy balance of climate-soil-
vegetation interactions
« Useful for:
— determining agricultural water consumption
— assessing drought conditions
— developing water budgets
— monitoring aquifer depletion
— monitoring crops and carbon budgets
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Challenges in Measuring ET

» ET depends on many variables:
— solar radiation at the surface
— land and air temperatures
— humidity
— surface winds
— soil conditions
— vegetation cover and types

« Highly variable in space and time

Image Credit: NASA Earth Observatory, Robert Simmon, based on data from the Idaho Department of Water Resources
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ET Ground Measurements

 Limitation
— Point measurements and cannot capture spatial variability
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Image Credit: (left) AmeriFlux, Dept of Energy; (right) USGS
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Benefits of Estimating ET from Remote Sensing Data

» Provide relatively frequent and spatially confinuous measurement of
biophysical variables used in estimating ET at different spatial scales

including:
) g Global ET Based on MODIS,
—radiation Averaged over 2000-2006

— land surface temperatures | JEpE—————
— vegetation coverage and density TG o -
— precipitation

— sOoll moisture

— weather and climate variables

[ O
0 250 P00 90 000 150 (500
Global Annual MOD16 ET (2000—2006) mm /yr

Source: University of Montana, Numerical Terradynamic Simulation Group
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Methods of Estimating ET
Based on Remote Sensing




Remote Sensors and Observations for ET

Satellite Sensor Parameter
 Normalized Difference Vegetation
Index (NDVI)
Terra and AQua MQODIS * Leaf Area Index (LA

» Albedo (fraction of surface solar
radiation reflected back)

» Spectral Reflectance

Landsat OLL ETM+, TIRS |, thermal Emission
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Importance of Landsat for ET

« Allows field-level ET (30 m resolution) — much higher resolution than MODIS-
based ET (1 km)

« Has a thermal band that is important for some ET approaches

Image Credit: Richard Allen, University of Idaho
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Estimation of ET — not easy!

« ET can be derived primarily from:
— Surface Water Balance

 ET = Precipitation + Irrigation — Runoff — Ground Water + Vertical Water
Transport + Subsurface Flow + Soil Water Content

— Surface Energy Balance

 ET (Latent Heat Flux) = Net Surface Radiation — Ground Heat Flux —
Sensible Heating Flux

— Meteorological and Vegetation/Crop Data (Penman-Monteith Equation)

Reference: hitp://www.fao.org/docrep/X0490E/x04920e04.htm# determining%20evapotranspiration
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ET Estimation by Land Surface Models

Integrate satellite and ground observations within sophisticated numerical
models based on water and energy balance methods

Remote Sensing Inputs Integrated Outputs
« Surface Solar Radiation e Soil Moisture
— from CITmOSpheriC models with . E\/onfrgngpirgﬂon
satellite data assimilation _ Surface/Sub-Surface Runoff
e Precipi’ro’rion (TR/\/\M and Multi- — Snow/Water Equi\/glen’r
Satellites)

» Vegetation Classification & Leaf
Area Index (MODIS & AVHRR)

» Topography (Landsat)

Global Land Data Assimilation System (GLDAS): http://Idas.gsfc.nasa.gov

NASA's Applied Remote Sensing Training Program



ET Estimation by Surface Energy Balance

« Used by multiple groups to develop ET

products R, (radiation from sun & sky)
* Uses MODIS & Landsat H (heatto ai)  »
— land surface temperatures " .

— land cover

« Calculated by a "residual” of the energy
balance — driven by thermal energy

G (heat to ground)

Based on imagery from Rick Allen, Additional ET Observation Platforms: Towards an Integrated Observation Capability
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ET Estimation from Vegetation and Crop Information

4. Reference (ET,), crop evapotranspiration under standard (ET.) and non-standard conditions (ET a4j)

iiiate grass ET  ET,: reference ET for well-watered grass
e O reference (Penman-Moneith Equation)

Wpe%eed + * ET.: crop ET for standard crop
ppeme condifions:
K, factor ET. — disease free, well fertilized, grown in

large fields, optimum soil water
conditions, achieving full production
e under given climatic conditions

optimal agronomic conditions .
K si_sdiustsd ET : * ET. - adjusted for non-standard crop
S g c ad conditions

« K.: crop coefficient

water & environmental
stress

Image Credit: hitp://www.fao.org/docrep/X0490E/x0490e04.htm#determining%20evapotranspiration
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Penman-Monteith Equation for ET,

AET = [A(Ry-G)+pg Cp(€s — €g) /Tl /[A+Y (1415/r4)]

. A: slipe of saturation vapor pressure * Requires climate and crop

* R.: net surface radiation informafion

» G: ground heat flux * Iy & rydepend on Vegetation

* (es-eg): vapor pressure deficit Height, Leaf Area Index (LAl)

* g &I aerodynamic & surface R, depends on the fractional solar
resistance

radiation reflected back from the
surface (albedo)

LAl and albedo are both available
from MODIS

* V. psychrometric constant
* A latent heat constant

* Cp: specific heat constant
* Oy Alr density

Reference: hitp://www.fao.org/docrep/X0490E/x0420e06.him#penman%20monteith%20equation
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Crop Coefficient (K.) and Normalized Vegetation Index (NDVI)

« K. Is related to light interception (ground cover)

« There is a direct relationship between K. and NDVI
— available from MODIS

1.2
Crop Coefficient : Canopy Cover
10 = /
T = 08
= 5 .
,2 = § /
O A £ 06
t - o) /./
© o
S : Y 2 0.4
=3 ; o n
2 OO : 02 / m Lettuce
&) P O Y . Pepper —
1 | { | 0-0 T T T T
Time of Season (days or weeks after planting) 0% 20% 40% 60% 80% 100%

Canopy Cover (%)

* Image Credits: Tom Trout, USDA
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ET Data Products Based on Remote Sensing




ET Data Products Based on Remote Sensing Observations
Global Products

« METRIC: Mapping and EvapoTranspiration at high-Resolution with
Internalized Calibration

— https.//c3.nasa.gov/water/static/media/other/Dayl_S1-3_Allen.pdf
— hitps://c3.nasa.gov/water/static/media/other/Dayl_S2-5 Kilic.pdf
— https.//c3.nasa.gov/water/static/media/other/Dayl_S3-3_Allen.pdf
« ALEXI]: Atmosphere-Land Exchange Inverse Model
— hitps://c3.nasa.gov/water/static/media/other/Dayl _S1-4 Anderson.pdf
— http://www.ospo.noaa.gov/Products/land/getd/index.ntml

« GLDAS: Global Land Data Assimilation System
— http://Idas.gsfc.nasa.gov/gldas/

NASA’s Applied Remote Sensing Training Program 20 ‘




ET Data Producis Based on Remote Sensing Observations
Regional Products (can be adapted for other regions)

« SIMS: Satellite Irrigation Management Support (California)
— https://c3.nasa.gov/water/static/media/other/Dayl_S2-2 Melton.pdf

* NLDAS: North American Land Data Assimilation System (North Americal)
— hitp://Idas.gsfc.nasa.gov/nldas

» SSEBop: Operational Simplified Surface Energy Balance (US & Africa)
— hitp://www?2.usgs.gov/climate_|landuse/lcs/projects/wsmartet.asp

« ETWatch: Multi-Satellite Based Energy Balance Model (China)
— https.//c3.nasa.gov/water/static/media/other/Day2 S1-4 Wu_2.pdf
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Summary: Publically Available Global ET Products

ET Source Method Remote Sensing Observations
« TRMM & Multi-Satellite Precipitation
GLDAS Land surface Mode . MODIS and AVHRR Land Cover
« Water and Energy Balance
« Landsat Topography
METRIC * Energy Balance « Landsat
« MODIS
ALEXI * Energy Balance « Landsaft
« GOES
ET Source Selel Terpporal Data Source Availability
Resolution
Google Earth Engine http://eeflux-
« 30 m (Global) . -
METRIC | . 2011 - March 2016 I(EI;/EJFpl)Ucz(’Bronspwohon Flux levell.appspot.com/
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Applications of ET




ET for Irrigation Management
hitp://ec2-54-196-147-232.compute-1.amazonaws.com/dgw/sims/

Beta web intferface complete
Web tool publicly accessible
Being tested by multiple growers
Integrated with UCCE

CropManage irrigation * ’wﬁ:«( ..“....._..r
management tool Y rdcnenmgwe |

Prototype calculator for on-farm
warter use efficient metrics
completed

Reference: hitps://c3.nasa.gov/water/static/media/other/Dayl $2-3 Mendez.pdf

NASA's Applied Remote Sensing Training Program



ET for Irrigation Management
hitp://ec2-54-196-147-232.compute-1.amazonaws.com/dgw/sims/

« Landsat-based ET helps wine st Mapping Evapo-Transpiration at
. high Resolution with Internalized Calibration sumes
producers and grape growers in

. . . . .. . Science — Actual ET Business
California plan timing and irrigation . Galls analysts were taned by b *Some of the benelits that Gallo
Rick Allen to allow for on premise runs observed in the last years of using

Landsat imagery & METRIC include:

= Decrease in the amount of water
applied by 20-30 percent, subject to
region,
Improved water management with the
ability to run a seasonal water balance,
Development of more efficient seasonal
irrigation schedules,

= Improvement in grape quality which
leads to improved wine quality,

= Upward movement in the wine
program, due to higher grape quality,
leading to an increase in bottle price
and an increase in revenue,
Reduced trimming of excess leaf
canopies from over-irrigation,
Decrease in the cost of irrigation from
reduction of water and energy used,

= Using current year’s data of water
allocation to determine and plan next
year's allocation.

of METRIC

Fedy, APOTHIC Na SR
A = aile A%

12

Reference: hitps://c3.nasa.gov/water/static/media/other/Dayl $2-3 Mendez.pdf
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ET for Drought Monitoring Over North America

GET-D ESI 02 Week Composite
06 Nov 2017
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North American Drought Monitor

September 30,| 2017 http:leﬂ‘csc:lc.noaa.govlnadm.html
(Released Monday, Oct. 16, 2017)

Canada- Trevor Hadwen

Maginda Magendrathajan
Mexico - Minervalopez

Reynaldo Pascual
USA - Anthony Artusa

Brian Fuchs*

(" Responsible for collecting analysts'
input & assembling the NA-DM map)

intensity et
DO Abnormally Dry

- D1 Moderate Drought

1 D2 Severe Drought

M 03 Extreme Drought

o Exceptional Drought

Drought impact Types:

~ Delineates dominant impacts

S = Short-Term, typically less than

6 months (e.g. agriculture, grasslands)
L = Long-Term, typically greater than
6 months (e.g. hydrology, ecology)

The Drought Monitor
focuses on broad-scale
conditions. Local
conditions may vary.
See accompanying text
summary for forecast
staternents.

. e
® =

Regions in northern Canada may
not be as accurate as other regions
due to limited information.
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ET for Water Allocation

« METRIC ET used for deciding water
deficit
« Example

— based on the ET and NDV/|
analysis, [Idaho Department of
Water Resources verified that
certain fields claimed to be water 5 S Skl o £ 3%

deficient were noft Purple pdlygonsdre fields that claimed to be
water short in 2006

Reference: hitps://c3.nasa.gov/water/static/media/other/Dayl S1-3 Allen.pdf
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ET for Water Allocation

T T T T
114°45'W 114°40'W 114°35'W 114°30'W
\U
J .

------

* The impact of water management
decisions were more visible than
climate drivers on crop water use
(evapotranspiration) changes over
time

ssssss

- 33°35'N

nnnnnnn

- 33°30°'N

» The SSEBop ET modeling approach [
was stable in processing 3,396
Landsat images and generating
reliable estimates for trend analysis

; Median ETa (1984-2014)
. 2000 mm N
1000 mm A
B omm

0255 10
= e Kilometers

- 33°20°'N

- 33°15'N

i © b Median annual ET estimates for the Palo Verde Irrigation District
« Quantified the association (PVID) obtained from the SSEBop model over 1984-2014. Also

shown are selected time-series imagery of ET for every 5 years

befween Cl’Op fCI”OWiﬂg DFOQFCI ms since 1985. Image credit: Senay et al.
and water savings

Reference: Senay, G., et al. Landsat based historical (1984-2014) crop water use estimates and frends in the Southwestern United States. AGU 2016.
https://landsat.gsfc.nasa.gov/watching-water-use-in-the-southwest/
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ET Used in Planning for Aquifer Management

METRIC ET, together with precipitation, helped estimate Ogalalla Aquifer

Recharging ebrack
ebraska

Evapotranspiration minus .:::
precipitation for April 1- Oct
31, 1997, Path 33, Row 31

Reference: hitps://c3.nasa.gov/water/static/media/other/Dayl S1-3 Allen.pdf
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ET Used in Agriculture Water Use in China

« Based on ET from ETWATCH and Actual Agricultural Water Consumption at Ertanggou
rainfall data excessive use of water /\k ars
for agriculture was noted 2008-2013 /eﬁ /> ) f“’{p
« Very useful for planning water / /?/{ T " AVC.. +Wote semsumpton by igatin
resource g | | oOCqQ -I-i on YKEZ\;,i\ xﬁﬁ 4 AWC,,, : Total water conS@ption f.rom cropland
xzs QBL}\,/\\ AWCg oy - Water consumption by rainfall
oA
o Facon J *jo,;,ggi 93% more than allowed
e T\

AWC,,,(10°m%) 166.7 157.6 1425 165.6 162.7 192.8  164.6

AWCRAIN(loﬁma) 9.9 3.2 11.9 4.4 6.6 6.3 7.0
AWCA(;(lﬂﬁm’) 157 154 131 161.2 156 187 158
(\
)

Reference: https://c3.nasa.gov/water/static/media/other/Day1_S1-3_Allen.pdf
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ET Used to Track Agricultural Water Consumption

« Estimated agricultural water
consumption (AWC) based on
station data (1984-2008) and MODIS
ET data

« Found AWC increased significantly
In the past 25 years, with the
exception of a few counties

o ; ; ; Distribution of annual mean ET, (a), actual ET (b), and
The m’regrg’non of me’reorologm:ol changes in averaged ET for the period of 1984-1993 to
and satellite data allows for the 1999-2008 (c).

estimation of actual ET beyond the
record available from satellite data

Reference: Yuan, Z., & Shen, Y. (2013). Estimation of Agricultural Water Consumption from Meteorological and Yield Data: A Case Study of Hebei, North China. PLoS ONE, 8(3).
doi:10.1371/journal.pone.0058685
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METRIC: Mapping EvapoTranspiration at high-
Resolution with Internalized Calibration

Courtesy of Rick Allen, Univ. Idaho, Member, USGS/NASA Landsat Science Team




METRIC: Based on Energy Balance

- Energy Balance (EB)
— Remember: ET is the water that changes from liquid to water vapor
— Liquid to vapor conversion requires energy
— We “look” for the energy used to produce the evaporation
— EB components can be derived from the tfemperature of the surface

NASA's Applied Remote Sensing Training Program



ET is Calculated as a Residual of the Energy Balance

R, (radiation from sun & sky)

4
H (heat to air) ’
@
o
. , 'v ¢ BT
Basic truth: evaporation i i

consumes energy

G (heat to ground)

NASA's Applied Remote Sensing Training Program



ET Is Influenced More by Surface Temperature Than Vegetation

Middle Rio Grande, New Mexico

1.20 1.20
ODesert. NWY
¢ Desert. VWest o o)
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General EB Components in METRIC

METRIC uses Landsat band reflectances and weather information to get the
EB components

* Net Radiation (R,)
— Reflected shortwave from satellite
— Incoming shortwave from theory
— Emitted longwave from satellite
— Incoming longwave from emitted and atmospheric transmissivity

» Soil Heat Flux (G)
— Function of H for nearly bare soil and function of Rn for vegetation

« \E=R,-G-H

Reference: Allen, R. G., et al. (2007). Satellite-Based Energy Balance for Mapping Evapotranspiration with Internalized Calibration (METRIC)—Applications. Journal of Irrigation and
Drainage Engineering, 133(4), 395-406. doi:10.1061/(asce)0733-9437(2007)133:4(395)
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General EB Components in METRIC

METRIC uses Landsat band reflectances and weather information to get the
EB components

« Sensible Heat Flux (H)

« Near surface vertical air tfemperature gradient (dT) keyed from surface
temperature (Ts) — calibrated to each image date (dT=a + b Ts)

« Aerodynamic resistance from
— Wind speed at blending height (from gridded or local weather)
— Aerodynamic roughness from vegetation indices and land use type
— Buoyancy effects from iterative solutions

Reference: Allen, R. G., et al. (2007). Satellite-Based Energy Balance for Mapping Evapotranspiration with Internalized Calibration (METRIC)—Applications. Journal of Irrigation and
Drainage Engineering, 133(4), 395-406. doi:10.1061/(asce)0733-9437(2007)133:4(395)
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Comparison of Seasonal ET by METRIC with Lysimeter

Sugar Beets
April — Sept 1989, Kimberly, Idaho

800
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600

~ 500
€

E 400
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W 300
200
100

Total
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EEFlux: METRIC Data Access from Google Earth Engine

hitp://eeflux-levell.appspot.com/
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EEFlux: Google Earth Engine Based METRIC ET

hittp://eeflux-levell.appspot.com/
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EEFlux: Google Earth Engine Based METRIC ET

hitp://eeflux-levell.appspot.com/
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EEFlux: Google Earth Engine Based METRIC ET
hitp://eeflux-levell.appspot.com/
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Summary

« Evapotranspiration is not measured, but calculated by water and/or energy
balance methods

« Requires complex algorithm and a variety of climate and land surface data

« Multiple algorithms for estimating ET are available — validation and inter-
comparison for regional use are recommended

« Remote sensing data from Landsat and MODIS (land surface temperature,
land cover, vegetation index, leaf area index, albedo) are very useful in
estimating ET

* For more details see ARSET Webinar on ET:

— hitps://arset.gstc.nasa.gov/water/webinars/apps-et-smap
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Next
Hands-on Exercise: ET Data Download for
Sau Francisco Watershed




